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SUMMARY 19 

The pandemic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the cause of 20 

Coronavirus Disease 2019 (COVID-19). Worldwide efforts are being made to develop vaccines 21 

to mitigate this pandemic. We engineered two recombinant Newcastle disease virus (NDV) 22 

vectors expressing either the full-length SARS-CoV-2 spike protein (NDV-FLS) or a version 23 

with a 19 amino acid deletion at the carboxy terminus (NDV-19S). Hamsters receiving two 24 

doses (prime-boost) of NDV-FLS developed a robust SARS-CoV-2-neutralizing antibody 25 

response, with elimination of infectious virus in the lungs and minimal lung pathology at five 26 

days post-challenge. Single-dose vaccination with NDV-FLS significantly reduced SARS-CoV-2 27 

replication in the lungs, but only mildly decreased lung inflammation. NDV-19S-treated 28 

hamsters had a moderate decrease in SARS-CoV-2 titers in lungs and presented with severe 29 

microscopic lesions, suggesting that truncation of the spike protein was a less effective strategy. 30 

In summary, NDV-vectored vaccines represent a viable option for protection against COVID-19.  31 

 32 

Keywords: Newcastle disease virus, avian orthoavulavirus-1, COVID-19, spike protein, viral 33 
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INTRODUCTION 35 

The novel severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) emerged in 36 

late 2019 in the city of Wuhan, mainland China, as the causative agent of a severe respiratory 37 

disease named coronavirus disease 2019 (COVID-19) (Andersen et al., 2020; Zhou et al., 2020). 38 

The virus has been classified in the Coronaviridae family, ß-coronavirus genus, and Sarbecovirus 39 

subgenus (i.e., ß-coronavirus subgroup B) (Lu et al., 2020). Phylogenetic analysis has shown that 40 

this virus shares ~50% genetic similarity with Middle East respiratory syndrome-CoV, ~80% 41 

similarity with SARS-CoV, and >90% similarity with bat ß-coronaviruses, suggesting spill-over 42 

of the virus from bats to humans, possibly through an intermediate adaptive host (El Zowalaty and 43 

Jarhult, 2020; Frutos et al., 2020; Lu et al., 2020). 44 

On March 11, 2020, a COVID-19 global pandemic was declared by the World Health 45 

Organization (WHO), and by April 2021, the disease had spread worldwide, with over 146 million 46 

confirmed cases and more than three million deaths ((WHO), Last accessed 2020.09.07). Crude 47 

fatality rates have been reported to be around 4% (Karadag, 2020; Verity et al., 2020), although 48 

recent estimates that adjusted for demography and case under-ascertainment range between 0.15 49 

and 1.5% (Ioannidis, 2021; Mallapaty, 2020; Russell et al., 2020). The elderly, people with 50 

hypertension, immunosuppression, diabetes and obesity, among other pre-existing conditions, are 51 

at a heightened risk of developing severe disease (Williamson et al., 2020).  52 

SARS-CoV-2 is transmitted through respiratory droplets and contact routes (Chan et al., 53 

2020b; Li et al., 2020a; Liu et al., 2020; Ong et al., 2020). In people with severe disease, morbidity 54 

and mortality are mediated by severe respiratory distress syndrome and vascular disease. The 55 

former is caused by diffuse alveolar damage associated with virus replication in type I and II 56 

alveolar pneumocytes (Bradley et al., 2020; Calabrese et al., 2020; Martines et al., 2020). Lesions 57 
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 4 

not associated with the respiratory system include endothelial damage, thrombosis, and 58 

disseminated intravascular coagulation; however, compelling evidence of virus replication in the 59 

endothelium is lacking both in human natural cases or animal models (Besutti et al., 2020; Bradley 60 

et al., 2020; Martines et al., 2020; Sia et al., 2020; Varga et al., 2020). Molecular effectors of tissue 61 

damage include unchecked production of pro-inflammatory cytokines (i.e., cytokine storm), 62 

decreased angiotensin-converting enzyme-2 (ACE2) activity, and activation of a thrombo-63 

inflammatory cascade leading to a hypercoagulable state (Domingo et al., 2020).  64 

Not surprising, multiple research groups have developed vaccine platforms against SARS-65 

CoV-2, including recombinant viral vectors, nucleic acids (DNA, mRNA and self-replicating 66 

RNA), protein subunits, virus-like particles, and live-attenuated or inactivated SARS-CoV-2 67 

virions (Jeyanathan et al., 2020). The vast majority of these vaccines target the SARS-CoV-2 spike 68 

(S) protein, the main target antigen for neutralizing antibodies against the virus (Ziegler et al., 69 

2020). By the spring of 2021, in the United States and Canada two mRNA vaccines as well as one 70 

or two adenovirus-vectored vaccines, respectively, have been approved for emergency use 71 

(https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines). 72 

However, it is unclear how these vaccines will be able to curtail the spread of and morbidity caused 73 

by novel SARS-CoV-2 variants, such as the B.1.351 (South African variant) and B1.617.2 (Indian 74 

/ Delta variant), which have been detected since late 2020 (Kirola, 2021) (Kupferschmidt, 2021). 75 

Evolution of variants of concerns has highlighted the importance of sterilizing immunity to prevent 76 

circulation of SARS-CoV-2 in a partially vaccinated population, an occurrence that can promote 77 

development of escape virus mutants due to immunological selective pressure (Peiris and Leung, 78 

2020).  79 
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Newcastle disease virus (NDV) has been extensively investigated as a candidate 80 

recombinant live vaccine platform for human and veterinary infectious diseases (Kim and Samal, 81 

2016), and shows great potential as a vaccine against SARS-CoV-2 (Shirvani and Samal, 2020). 82 

NDV is the type-species of the avian orthoavulavirus-1 (AOaV-1) group, in the Paramyxoviridae 83 

family (Viruses, 2019); this virus is enveloped and has a non-segmented, negative-strand RNA 84 

genome that allows insertion of foreign genes (up to ~5kb), which are stably expressed at high 85 

levels (Zhao et al., 2015). The use of NDV as a candidate vaccine vector in humans offers several 86 

advantages. As an avian virus, NDV is antigenically distinct from common human vaccines and 87 

pathogens, avoiding the problem of pre-existing immunity that would limit its efficacy in people 88 

(Capua and Alexander, 2004). More importantly, as an oncolytic agent NDV has shown an 89 

excellent safety profile, whereby direct intravenous, aerosol, or intratumoral administration of 90 

large doses of the virus are well tolerated in people (Csatary et al., 1993; Pecora et al., 2002; 91 

Wheelock and Dingle, 1964). As a vaccine vector in pre-clinical models, NDV has been shown to 92 

be safe and protective in non-human primate models of infection with pathogenic avian influenza 93 

virus, Ebola virus, and SARS-CoV (Bukreyev et al., 2005; DiNapoli et al., 2010; DiNapoli et al., 94 

2007). Lastly, NDV is an acute cytoplasmic virus with an encapsidated genome, mitigating 95 

concerns about recombination or tissue persistence (Afonso, 2008; Shirvani and Samal, 2020).  96 

In this study, we show the efficacy of an intra-nasally delivered, non-virulent NDV vaccine 97 

expressing the SARS-CoV-2 S protein in a Syrian hamster model of COVID-19, by analysis of 98 

nasal and lung tissues at the peak of SARS-CoV-2 replication. The use of a non-virulent NDV 99 

strain (i.e., lentogenic pathotype which does not cause disease in poultry) circumvents regulatory 100 

restriction associated with livestock safety (Cattoli et al., 2011), and the intranasal delivery was 101 

aimed at developing mucosal as well as systemic immunity (Calzas and Chevalier, 2019).   102 
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RESULTS 103 

Development of recombinant NDV vectors expressing SARS-CoV-2 spike proteins. 104 

 In this study we utilized a fully synthetic molecular clone of lentogenic NDV (LaSota 105 

strain, Genbank accession AF077761.1) flanked at the 5' end by a T7 promoter followed by three 106 

non-templated G's, and at the 3' by a self-cleaving hepatitis delta virus ribozyme and a T7 107 

terminator sequence (Figure 1A). The ribozyme, by self-cleaving immediately at the end of the 108 

viral antigenomic transcript, ensures adherence to the “rule of six” of genomic length (Kolakofsky 109 

et al., 1998). The synthetic genome was designed to contain an additional transcriptional cassette 110 

between the phosphoprotein (P) and the matrix (M) genes, which was flanked by unique XbaI and 111 

MluI restriction sites (to facilitate transgene insertion), and gene start (GS) and gene end (GE) 112 

signals (to promote transcription by the viral polymerase) (Park et al., 2006). An additional L289A 113 

mutation in the fusion (F) gene was included to enhance fusogenicity (Sergel et al., 2000). Three 114 

recombinant NDV vectors were designed by cloning in a transcriptional cassette expressing either: 115 

1) the complete coding sequence of human codon-optimized SARS CoV-2 S protein (NDV-FLS), 116 

2) the partial coding sequence of human codon-optimized spike protein possessing a 19 amino acid 117 

deletion from the C-terminus (NDV-Δ19S), and 3) the coding sequence of the enhanced green 118 

fluorescent protein (GFP), an immunologically irrelevant protein, to be used as a control (NDV-119 

GFP) (Figure 1A). The truncated version of the spike protein was included as this mutation has 120 

been shown to promote more efficient incorporation of spike into lentiviral particles  and vesicular 121 

stomatitis virus (Fukushi et al., 2005; Johnson et al., 2020) particles. Successful rescue of 122 

recombinant viruses was verified by immunofluorescence staining for the ribonucleoprotein 123 

(RNP) complex in NDV-FLS-, NDV-Δ19S- and NDV-GFP-infected DF-1 chicken fibroblasts 124 
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 7 

(Figure 1B), and by reverse transcription polymerase chain reaction (RT-PCR) to confirm insertion 125 

of the spike gene in the viral genome (Figure 1C).  126 

The full-length, but not the Δ19 truncated version, of SARS-CoV-2 Spike protein is efficiently 127 

incorporated into NDV virions.  128 

Western blot analysis of whole cell lysates from DF-1 cells infected at the same multiplicity 129 

of infection (MOI = 1) with NDV-FLS or NDV-Δ19S showed robust expression of the full-length 130 

S protein at approximately 180 KDa, which was more intensely expressed in NDV-Δ19S- 131 

compared to NDV-FLS-infected cells (Figure 2A). Similarly, the cleaved S2 subunit migrated at 132 

approximately 100 KDa, and was more intensely expressed in NDV-Δ19S- compared to NDV-133 

FLS-infected cells (Figure 2A). To investigate whether the S protein expressed by the NDV vector 134 

would be incorporated into the virion, and to compare expression with the challenge virus, SARS-135 

CoV-2 and vaccine viruses (NDV-FLS and NDV-Δ19S) were subjected to western blot analysis. 136 

As shown in Figure 2B, SARS-CoV-2 virions incorporated approximately equal amounts of 137 

uncleaved and cleaved S protein, as shown by bands right below 200 KDa and one at 100 KDa, 138 

respectively, while the virion of the NDV-FLS virus incorporated almost exclusively cleaved S 139 

protein. Despite the fact that NDV-Δ19S- infected cells expressed more S protein, this was poorly 140 

incorporated into the NDV-Δ19S virions. Nevertheless, S protein expressed from NDV migrated 141 

with a similar molecular weight and pattern to that of SARS-CoV-2 S protein. 142 

When incorporated in the NDV virion, the S protein appeared in the cleaved form at around 143 

100 KDa. This suggests efficient cleavage due to the multibasic cleavage site (Ou et al., 2020), a 144 

feature that was likely enhanced by the proteolytic activity of the allantoic fluid (Kandeil et al., 145 

2014), as NDV-FLS and NDV-Δ19S were grown in eggs.  146 

Jo
urn

al 
Pre-

pro
of



 8 

Taken together, these data demonstrate that NDV can be engineered to express the SARS-147 

CoV-2 spike protein, and that the full-length spike protein is incorporated into the NDV virion 148 

more efficiently than the Δ19 truncated version.  149 

NDV vectors expressing SARS-CoV-2 spike proteins do not show an altered infectivity.  150 

To test whether the spike protein incorporation into the NDV virion would increase NDV 151 

infectivity, we conducted virus neutralization assays in HEK 293T cells over-expressing human 152 

ACE2, the receptor for SARS-CoV-2 (Ziegler et al., 2020). Mouse serum, which successfully 153 

neutralized lentiviral particles pseudotyped with the S protein in a separate experiment 154 

(Supplemental Figure 2), did not neutralize NDV-FLS or NDV-Δ19S, as shown by 155 

immunofluorescent staining for NDV RNP at three days post-infection. Instead, immune serum 156 

from chickens vaccinated with NDV completely neutralized the viruses (Supplemental Figure 2). 157 

This indicates that incorporation of S protein on the surface of the NDV virion does not alter 158 

infectivity or tropism of the vaccine backbone.  159 

To investigate whether expression of the S protein would impact the fusogenic properties 160 

of the recombinant NDV vaccines, DF-1 cells were infected with NDV-FLS, NDV-Δ19S or NDV-161 

GFP and the number of nuclei was averaged over the total number of cells, with syncytia counted 162 

as one cell. As shown in Figure 2C, all three viruses formed syncytia in the presence of trypsin; 163 

however, NDV-FLS showed a significantly decreased fusogenic activity compared to either NDV-164 

Δ19S or NDV-GFP (Figure 2D).  165 

Finally, to confirm that the modifications to the NDV vector did not alter its virulence in 166 

poultry, we determined the mean death time (MDT) of NDV-FLS, NDV-Δ19S and NDV-GFP in 167 

embryonated chicken eggs. All viruses had an MDT >110 hrs, and thus retained their lentogenic 168 
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 9 

phenotype. Overall, these data demonstrate that NDV engineered to express the SARS-CoV-2 169 

spike protein do not display an altered safety profile in vitro and in ovo.  170 

NDV vectors expressing SARS-CoV-2 spike proteins are immunogenic in hamsters.  171 

We wanted to determine whether vaccination with either the NDV expressing full-length 172 

or the truncated spike protein would protect against disease in a hamster model of SARS-CoV-2 173 

infection. Groups of ten Syrian hamsters received intranasal instillations of 107 plaque forming 174 

units (PFU) of either NDV-FLS, NDV-Δ19S, or NDV-GFP (control), as part of a single dose or a 175 

two-dose schedule (Figure 3A). At 29 days after the first vaccine dose, low anti-SARS-CoV-2 176 

immunoglobulin (IgG) titers were detected by enzyme-linked immunosorbent assay (ELISA) in 177 

the serum of hamsters receiving the NDV-FLS vaccine, while the IgG levels in the NDV-Δ19S-178 

treated animals were indistinguishable from those treated with NDV-GFP (Figure 3B). 179 

Neutralizing antibodies, detected by plaque reduction neutralization test (PRNT90) titers, were only 180 

detectable in a single animal in the NDV-FLS group prior to the second vaccine dose (Figure 3C). 181 

Following a second homologous vaccine dose, a substantial induction of anti-SARS-CoV-2 182 

humoral immune responses occurred, with a significant increase in serum IgG titers seen in both 183 

vaccine groups (Figure 3B), and a significant increase in PRNT90 titers in hamsters receiving NDV-184 

FLS (Figure 3C). Only two (out of ten) NDV-Δ19S-vaccinated hamsters had PRNT90 titers 185 

detectable 20 days following the second dose; however, this response waned by the challenge day 186 

(Figure 3C). The serum concentration of anti-SARS-CoV-2 IgG and neutralizing titers were 187 

significantly higher in the NDV-FLS-treated group, compared to the NDV-Δ19S- and NDV-GFP-188 

treated groups, suggesting that incorporation of the spike protein into the NDV virion may be 189 

required for stronger induction of antibody responses. Our data show that a homologous prime-190 
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 10 

boost vaccination with NDV expressing SARS-CoV-2 spike protein is highly immunogenic in 191 

hamsters.  192 

Vaccination of hamsters with NDV vectors expressing SARS-CoV-2 S protects against SARS-CoV-193 

2-induced clinical signs and pathology.   194 

To determine whether immune responses in animals receiving a single dose or a 195 

homologous prime-boost would result in protection from disease, each of the groups of hamsters 196 

described above, which were vaccinated with 107 PFU NDV-FLS, NDV-Δ19S, or NDV-GFP, 197 

were challenged with 105 fifty-percent tissue culture infective dose (TCID50) of SARS-CoV-2 on 198 

day 56 post-vaccination. An additional experiment was carried out by infecting hamsters at 28 199 

days after receiving the prime only, using the same methodology. Animals were weighed and 200 

monitored daily for signs of disease throughout the course of infection. Out of ten animals in each 201 

group, four were kept for 28 days to examine any differences in weight loss and long-term outcome 202 

of infection, while six were euthanized on day five post-infection to examine pathology and viral 203 

loads in the tissues during acute infection.  204 

In the single-dose group, NDV-FLS-vaccinated hamsters had significantly less weight loss 205 

on day 4 post-infection compared to the NDV-GFP and NDV-Δ19S-vaccinated hamsters. The 206 

NDV-Δ19S-vaccinated hamsters showed similar weight loss to controls, including several animals 207 

that lost greater than 10% of their initial weight within five days (Figure 4A). In the prime-boost 208 

group, the mean weight loss of the NDV-FLS-treated hamsters was significantly less than NDV-209 

GFP-treated hamsters on days 3, 4 and 5 post-infection (Figure 4B). Surprisingly, in the NDV-210 

GFP-vaccinated animals, we did not see the weight loss that is typically seen in our hamster model, 211 

and that has been reported by other groups (Imai et al., 2020). Of the four animals that were not 212 

euthanized, none reached greater than five percent weight loss following infection throughout the 213 
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 11 

28 days, while five of six of the euthanized animals had as high as 8% weight loss and were 214 

trending downward. These animals were likely euthanized before reaching peak weight loss, 215 

thereby artificially skewing the mean weight loss of that group.  216 

The magnitude of microscopic lesions in the lungs was assessed semi-quantitatively, in 217 

order to evaluate the efficacy of the vaccine candidates to decrease the severity of lesions 218 

associated with SARS-CoV-2 infection. For both the prime and prime-boost experiments, nominal 219 

reporting of lesion categories for each hamster is summarized in Supplemental Table 1 and 2, 220 

while the extent of affected lung tissue area is reported in Supplemental Table 3.  221 

In hamsters treated with the prime only, lesions in the control group were similar to those 222 

described in the prime-boost group (Supplemental Table 2; see below for a detailed description of 223 

histopathology). When the compound score of nominal categories was considered, NDV-FLS-224 

treated hamsters had significantly lower scores compared to the NDV-Δ19S-, but not the NDV-225 

GFP-treated group (Figure 4C). Similarly, NDV-FLS-treated hamsters had significantly less 226 

extensive areas of lung pathology compared to the NDV-Δ19S-, but not the NDV-GFP-treated 227 

group (Figure 4D). The mean compound nominal score was significantly lower in NDV-FLS-228 

treated hamsters compared to those in the NDV-GFP group; differences were not significant 229 

between the scores of the NDV-Δ19S- and the NDV-GFP- or NDV-FLS-treated groups (Figure 230 

4E). Lastly, NDV-GFP- and NDV-Δ19S-treated hamsters had the highest extent of lesions, with 231 

five of six and three of six animals showing > 50% of lung tissue affected, respectively; while in 232 

the NDV-FLS-treated group lesions were present in > 50% of lung sections only in one hamster 233 

(Supplemental Table 3). The average affected area scores were significantly different between 234 

NDV-FLS-treated hamsters and those in the NDV-GFP-treated group (Figure 4F). 235 
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In the prime-boost experiment, all hamsters treated with NDV-GFP presented with severe 236 

exudative lesions characterized by accumulation of sloughed cells, macrophages and neutrophils 237 

within the alveolar spaces, variably admixed with multifocal areas of hemorrhage and edema 238 

(Figures 5A, 5D, 5G). In every hamster of this group, most bronchioles were filled with cellular 239 

debris and neutrophils. The connective tissues surrounding vessels and bronchioles was markedly 240 

expanded by edema and populated by inflammatory cells, such as macrophages, lymphocytes, 241 

fewer plasma cells and scattered neutrophils. In all six hamsters, medium-size vessels showed 242 

segmental hyperplasia of the endothelial cells and sub-intimal accumulation of inflammatory cells, 243 

although no thrombosis was observed (Figure 5J). As animals were euthanized at day five pi, 244 

subacute changes were also observed, which included type II cell hyperplasia (Figure 5M), and 245 

presence of hemosiderin-laden macrophages mainly around the terminal bronchioles. In hamsters 246 

vaccinated with NDV-Δ19S (Figs. 5B, 5E, 5H, 5K, 5N), lesions were similar to the NDV-GFP-247 

treated group, although the exudative changes were less prominent, noticeably with decreased 248 

amounts of desquamated cells in the alveolar spaces and bronchioles. In this group, most hamsters 249 

presented with numerous hemosiderin-laden macrophages (suggesting resolving haemorrhage) 250 

either in the alveoli or around bronchioles, type II cell hyperplasia (five of six hamsters), and 251 

marked hyperplasia of the bronchiolar epithelium in three of six hamsters (Figure 5N).  In hamsters 252 

vaccinated with NDV-FLS, only two of six hamsters showed mild exudation of neutrophils in the 253 

alveoli, and only two presented with multifocal haemorrhages. Most of the lung parenchyma was 254 

unaffected (Figs. 5C, 5F, 5I, 5L, 5O). The other changes were subacute, including mild hyperplasia 255 

of type II cells (four of six hamsters), epithelial bronchial hyperplasia (one of six hamsters), and 256 

accumulation of hemosiderin-laden macrophages in four hamsters.  257 
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 At the time of euthanasia, we also evaluated a series of hematological and serum chemistry 258 

parameters to test whether prime-boost vaccination could prevent any hematological changes upon 259 

infection of hamsters with SARS-CoV-2. All parameters were within normal limits and no clear 260 

trends emerged between vaccinated and control hamsters. Of note, NDV-GFP-vaccinated hamsters 261 

showed an elevated neutrophils count, and a higher neutrophil:lymphocyte ratio compared to those 262 

that were vaccinated with NDV-FLS, which has been correlated with disease severity in SARS-263 

CoV-2-infected people (Karimi Shahri et al., 2020). This is consistent with the results of 264 

microscopic pathology, which showed numerous neutrophils into the lung of NDV-GFP-265 

vaccinated hamsters.  266 

Vaccination of hamsters with NDV vectors expressing SARS-CoV-2 S decreases the magnitude of 267 

SARS-CoV-2 replication in tissues 268 

To evaluate the extent of virus replication in tissues, we quantified the presence of SARS-269 

CoV-2 genomic RNA and infectious titers in the tissues of hamsters euthanized on day five pi. In 270 

the single-dose group, SARS-CoV-2 genome copy numbers were reduced significantly in the 271 

proximal and distal lungs of the NDV-FLS-treated group, while genome copies remained high in 272 

the hamsters treated with NDV-Δ19S, and were not significantly different compared to controls 273 

(Figure 6A). Viral RNA levels in the nasal turbinates, small intestine, and blood did not differ 274 

between groups that received a single vaccine dose. Similarly, a single dose of NDV-FLS 275 

significantly reduced the titers of infectious SARS-CoV-2 in the nasal turbinates, proximal, and 276 

distal lungs, compared to the NDV-GFP control. The NDV-Δ19S-vaccinated hamsters only had 277 

significantly reduced viral titers in the distal lung (Figure 6B). This may be due to some partial 278 

protection that prevented the spread of virus into the lower lung. 279 
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In animals receiving two vaccine doses, the NDV-FLS group had significantly reduced 280 

SARS-CoV-2 genome copies in all tissues examined, except for blood. While the NDV-Δ19S-281 

vaccinated hamsters only had significantly reduced viral RNA levels in the small intestine (Figure 282 

6C), there was a clear trend toward lower viral RNA levels in both the proximal and distal lung 283 

(Figure 6C). Hamsters in both prime-boost vaccine groups did not have any infectious virus in the 284 

lungs, and only two animals had low levels of virus in the nasal turbinates, suggesting protection 285 

of both the upper and lower airway is provided by two vaccine doses (Figure 6D).  286 

 We also examined SARS-CoV-2 mucosal shedding following infection with SARS-CoV-287 

2, since a key question regarding the protective efficacy of vaccination and whether vaccination 288 

can effectively prevent virus transmission. Oral and rectal swabs were sampled day 2 pi to test 289 

whether vaccination may prevent acute virus shedding by these routes. Viral RNA was detected in 290 

oral and rectal swabs in all hamsters regardless of the vaccine regimen, without differences in the 291 

magnitude of shedding between groups (Supplemental Figure 1A). Quantification of infectious 292 

titers in swabs showed that most hamsters shed at very low levels (< 102 TCID50 / ml) in both 293 

groups, and no differences were observed in the magnitude of shedding (Supplemental Figure 1B) 294 

or the proportion of shedding compared to non-shedding animals (Fisher’s exact test, data not 295 

show). This suggests that vaccination did not prevent infection and that virus shedding occurred 296 

in the early phases of infection, despite protection from disease. Whether the low levels of 297 

infectious virus in the oral and rectal swabs are sufficient to infect other hamsters is a question that 298 

remains to be answered. Our data suggest that while vaccination prevented disease and 299 

significantly reduced viral growth in the tissues, infected animals may shed virus acutely after 300 

infection. 301 

Differential expression of immune response related genes in vaccinated hamsters 302 
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To characterize the molecular drivers of inflammation and immune response in vaccinated 303 

and non-vaccinated hamsters, we examined the mRNA expression of various immune response-304 

related genes (n = 11) in the lungs of hamsters in the prime-boost experimental groups, at day 5 305 

pi. While several examined genes showed significant difference between vaccinated and control 306 

groups, only expression of interleukin (IL)-1β was significantly upregulated in both vaccine groups 307 

compared to the control (Supplemental Figure S3). Vascular endothelial growth factor (VEGF) 308 

expression was the other and only gene to be upregulated in the NDV-FLS-treated group compared 309 

to the NDV-GFP control (Supplemental Figure S3). The NDV-Δ19S-treated group showed 310 

differential expression of five additional genes compared to the NDV-GFP-treated control group: 311 

IL-6, FoxP3, IL-4, transforming growth factor (TGF)-, and tumor necrosis factor alpha(TNF)-α 312 

(Figure S6). Upregulation of cytokine gene expression in vaccinated hamsters may account also 313 

for activation of the immune response, rather than tissue damage or inflammation, as pathology 314 

shows more severe lesions in the control (NDV-GFP) group.  315 

We also examined relative expression levels of interferon gamma (IFN-γ) and IL-4, to 316 

attempt to determine whether a T helper type 1 (Th1) or Th2-associated bias in immune responses 317 

between groups may be driving susceptibility to infection. Both vaccine groups had higher, albeit 318 

not statistically significant, median IFN-γ:IL-4, ratios and it is possible that inducing a Th1-319 

associated immune response via vaccination may lead to improved infection outcomes (Jeyanathan 320 

et al., 2020). 321 

 322 

Lyophilized NDV-FLS retains its infectivity  323 

 Given that hamsters vaccinated with NDV-FLS were protected from clinical signs and 324 

lesions following SARS-CoV-2 challenge, we sought to investigate whether it would be feasible 325 
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to lyophilize this promising vaccine candidate thereby greatly simplifying its storage and 326 

distribution requirements. Aliquots of NDV-FLS stock containing the same number of PFU were 327 

adjusted to a final concentration of 5% sucrose, 5% sucrose/5% iodixanol, or mixed 1:1 with a 328 

solution containing 10% lactose, 2% peptone, 10mM Tris-HCl, pH 7.6 and lyophilized for 16h at 329 

-52°C. Two days later, samples were reconstituted in phosphate-buffered saline with 5% sucrose 330 

at the same volume and virus titer determined. As shown in Figure 7A, there was a ~2 fold loss of 331 

infectivity when NDV-FLS was lyophilized in 10% lactose, 2% peptone, 10mM Tris-HCl, pH 7.6 332 

compared to virus frozen at -70°C. Further, as shown by western blot analysis, the reconstituted 333 

vaccine preparation contained S protein at amounts comparable with the purified virus stock 334 

maintained at ultracold temperature, and was able to infect and induce expression of S protein in 335 

DF-1 cells (Figure 7B). Given the convenience and greatly simplified storage and transportation 336 

requirements of a lyophilized vaccine, further optimization of the lyophilization conditions, as well 337 

as assessment of retained efficacy in challenge experiments, is warranted for NDV-based vaccines 338 

against SARS-CoV-2.  339 

 340 

DISCUSSION 341 

 The COVID-19 pandemic has seen an unprecedented number of vaccine candidates, with 342 

as many as 14 approved for use in at least one country (Organization). Given the evolution of novel 343 

variants of concern (Kirola, 2021; van Oosterhout et al., 2021), the likelihood of persistent spread 344 

of SARS-CoV-2 for several years (Scudellari, 2020), emerging data which suggest that the Delta 345 

variant may spread more readily than other SARS-CoV-2 variants among people vaccinated 346 

against COVID-19 (Brown et al., 2021; Musser    et al., 2021; Riemersma et al., 2021), limitations 347 

in production capacity of developed vaccines (Khamsi, 2020), and the need for evidence of 348 
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efficacy for multiple platforms moving forward, there will be a need for a diverse set of vaccine 349 

candidates to advance through all stages of development. Here we tested two live vaccine 350 

candidates based on an NDV vector expressing SARS-CoV-2 spike protein or a truncated version 351 

of the same protein in a hamster model to assess their potential for prevention of COVID-19. 352 

The Syrian hamster has been used by our and other groups as a robust model for SARS-353 

CoV-2 infection, and it is used to examine viral pathogenesis as well as testing vaccine efficacy 354 

(Griffin et al., 2021; Muñoz-Fontela et al., 2020). We vaccinated groups of ten hamsters with either 355 

NDV vaccine candidate, or NDV expressing GFP as a negative control. The vaccines were 356 

administered either as a single dose or as two homologous doses 28 days apart. Both vaccines 357 

expressing SARS-CoV-2 S protein were immunogenic as assessed by ELISA for anti-SARS-CoV-358 

2 IgG. Neither vaccine induced significantly high IgG titers after a single dose; however, following 359 

homologous booster immunization, both vaccine groups had significantly higher antibody titers 360 

compared to controls. When evaluating a prime-boost vaccination schedule, the vaccine expressing 361 

full-length S protein induced neutralizing antibody responses that were significantly greater than 362 

those seen in the group that received the vaccine with the truncated S protein. It is possible the low 363 

incorporation of the Δ19S into the NDV virion might have compromised an effective immune 364 

response due to lack of surface antigen presentation, despite the fact that NDV-Δ19S appeared to 365 

express higher amounts of S protein in vitro. Nonetheless, even the vaccine expressing the full-366 

length S protein induced only modest PRNT90 titers, suggesting that efficacy to protect from 367 

clinical disease and microscopic pathology may not be entirely dependent upon the magnitude of 368 

neutralizing antibody titers. Similarly, hamsters in the prime-boost NDV-Δ19S group appeared to 369 

be nearly fully protected from SARS-CoV-2 replication in the lungs, where no infectious titers 370 

were evident, despite barely detectable neutralizing antibodies and modest IgG serum titers. It is 371 
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possible that protection following vaccination with NDV may also rely on T cell responses, which 372 

might have been more strongly activated by the NDV-Δ19S vaccine, as it expresses higher level 373 

of S protein upon infection. However, this was not examined in our study due to a lack of 374 

appropriate reagents, such as hamster-specific antibodies for flow cytometry and depletion studies. 375 

Overall, these data suggest that some protection against disease and decreased viral replication can 376 

be afforded in the absence of high titers of neutralizing antibodies and further characterization of 377 

the immune responses generated by NDV-vectored vaccines and others will be critical for 378 

enhanced immunization strategies. 379 

 Treatment with either NDV vaccine was able to decrease or eliminate SARS-CoV-2 380 

replication in the lungs of infected hamsters. Hamsters that received a single vaccine dose had only 381 

modest reductions in viral loads in the upper and lower airways, but vaccination with NDV-FLS 382 

afforded significant decrease in virus titers with only one dose. In the prime-boost cohort, aside 383 

from two hamsters with low levels of detectable virus in the nasal turbinates (NDV-Δ19S group), 384 

infectious virus could not be detected in the airways of vaccinated hamsters. Consistent with 385 

previous findings, there were still high levels of viral RNA in tissues of infected animals, even in 386 

the absence of detectable virus. This is likely due to detection of subgenomic mRNA, intermediates 387 

of genomic replication, or the presence of intact degraded non-viable viral particles in long-lived 388 

phagocytic cells such as macrophages and dendritic cells.  389 

 While vaccination with a prime-boost regimen induced near sterilizing immunity in the 390 

airways at day 5 pi, detection of viral RNA and infectious virus at day 2 pi in the oral and rectal 391 

swabs from all groups (i.e., regardless of regimen) suggests the possibility that vaccination does 392 

not eliminate viral shedding during the acute stages of infection. However, on day 5 pi, when we 393 

collected tissues rather than swabs, we did not detect any replicating virus in tissues that would 394 
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lead to shedding suggesting that the vaccine prevented shedding at this time point. This is in line 395 

with evidence gathered from the ongoing vaccination campaign, showing that infection and 396 

shedding in vaccinated people does occur and is related to the levels of antibody titers in blood, 397 

despite still proving highly effective against clinical disease (Bergwerk et al., 2021; Brown et al., 398 

2021). Nonetheless, our data show that vaccination with an NDV vector provides clear protection 399 

against SARS-CoV-2 replication and establishment in the airways and lungs.  400 

 In the monodose schedule, NDV-FLS-vaccinated hamsters had mildly decreased severity 401 

and distribution of microscopic lesions compared to the NDV-Δ19S- and NDV-GFP-treated 402 

groups, although differences with the latter were not statistically significant. These results agree 403 

with the findings of virus titration in organs, which showed that the vaccines administered as a 404 

monodose did not confer sterilizing immunity and still afforded virus replication. In the prime-405 

boost schedule, the severity and extent of microscopic lesions stratified the treatment groups 406 

consistently with the magnitude of serum neutralizing antibodies and levels of SARS-CoV-2 407 

replication in lungs. Hamsters vaccinated with NDV-FLS showed no to minimal lesions, some of 408 

which (i.e., epithelial hyperplasia and hemosiderophages) suggested that they were in the healing 409 

phase of the disease, without the presence of exudate. Hamsters treated with NDV-GFP showed 410 

the most severe lesions, characterized by presence of exudate in the alveoli and bronchioles. 411 

Finally, hamsters treated with NDV-Δ19S had lesions slightly less severe in extent and severity to 412 

those in the NDV-GFP group, albeit these differences were not statistically significant. Taken 413 

together, the pathology data indicate that NDV-FLS had a high protective effect against 414 

development of SARS-CoV-2-induced lesions, while NDV-Δ19S did so only partially. 415 

 Overall, the microscopic lesions caused by SARS-CoV-2 in the hamsters were consistent 416 

with the pathology documented elsewhere with this animal model (Chan et al., 2020a; Sia et al., 417 
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2020). The lesions observed in the control group (NDV-GFP) are also similar to what we observed 418 

in another pathogenesis study conducted by our team using untreated/naive hamsters (Griffin et 419 

al., 2021), indicating that the NDV backbone does not significantly affect the severity of SARS-420 

CoV-2 infection in the lung. Lastly, development of hyaline membranes and marked fibrin 421 

exudation were not observed in our study. Although this is a typical feature of SARS-CoV-2 422 

pathology in humans, this lesion has not been reported consistently in experimental settings 423 

(Gruber et al., 2020). Similarly, our model recapitulated development of vascular damage (i.e., 424 

endothelialitis), however no thrombosis was observed (Gruber et al., 2020).  425 

 The protection from pulmonary lesions reflects abated clinical signs, as shown by 426 

the overall and mean weight loss differences between vaccinated and control hamsters, especially 427 

in the single dose group. In the prime-boost group, while NDV-FLS protected from acute weight 428 

loss at 5 dpi, the control group out-paced NDV-FLS-vaccinated hamsters at later time points, up 429 

to the end of the experiment (day 28 pi). This could be partly explained by sampling artifact, caused 430 

by euthanizing animals with greater clinical signs first, and leaving less affected hamsters for long 431 

term weight assessment. Alternatively, it is possible that hamster suffering a more severe disease 432 

(i.e., control group) may undergo a compensatory weight gain phase. This has been also observed 433 

by our group in a recent COVID-19 pathogenesis study that used a similar hamster model (Griffin 434 

et al., 2021).  435 

Findings from the vaccination experiment unquestionably show that NDV-FLS is superior 436 

to NDV-Δ19S as a vaccine candidate against COVID-19. This suggests that incorporation of the 437 

vaccine antigen within the envelope of the NDV virion is necessary to trigger an effective immune 438 

response, possibly by direct interaction with B cell receptors as a prerequisite for induction of 439 

antibody responses (Heesters et al., 2016). While NDV-Δ19S-infected cells expressed higher 440 
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levels of S protein compared to NDV-FLS-infected cells, the truncated S protein was poorly 441 

incorporated in the NDV envelope, as shown by Western blot analysis of purified vaccine 442 

preparations. While truncation of the 19 carboxy-terminal amino acids of the S protein has been 443 

shown to increase envelope incorporation in other viruses, such as VSV and lentiviral particles 444 

(Duan et al., 2020), this was not the case for NDV. This occurrence may be caused by a spatial 445 

mismatch between localization of the truncated S protein on the plasma membrane and specific 446 

sites of NDV release, which are cholesterol-rich sites defined as lipid rafts (Laliberte et al., 2006). 447 

Alternatively, truncation of the S protein may have led to inappropriate interaction with the NDV 448 

matrix (M) protein, which binds electrostatically with the NDV surface glycoproteins and drives 449 

budding of mature virions (Battisti et al., 2012; García-Sastre et al., 1989). This finding indicates 450 

that decoration of the vaccine envelope with the antigen of interest can improve the efficacy of 451 

vaccination, and further suggests that for development of NDV-based vaccine platforms, foreign 452 

surface epitopes should be chimerized with the transmembrane and cytoplasmic domains of NDV 453 

surface proteins (Sun et al., 2020a).  454 

 Several biomarkers of disease have been defined in COVID-19 patients, including changes 455 

in the concentration of cells in blood and in the presence of various cytokines and vascular growth 456 

factors (Karimi Shahri et al., 2020). In this study, we examined whether any significant 457 

haematological or serum chemistry changes could be detected and whether these might be 458 

indicative of disease progression, compared with protection against disease in prime-boost 459 

vaccinated animals. We detected elevated neutrophil counts as well as neutrophil:lymphocyte 460 

ratios in the blood of control hamsters, which have been linked to more severe disease progression 461 

(Li et al., 2020b). Specifically, neutrophilia appears to be induced by inflammatory mediators 462 

produced in diseased tissues, such as lung, and lymphopenia is a typical feature of acute viral 463 
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infection, such as SARS-CoV-2 (Frater et al., 2020; Karimi Shahri et al., 2020). In the NDV-GFP-464 

treated group, numerous neutrophils were recruited in the areas of affected lung, suggesting that 465 

neutrophilia was needed to satisfy peripheral tissue demands during infection. Elevated 466 

hemoglobin levels seen in control hamsters could also indicate some level of pulmonary distress 467 

and greater need for oxygen throughout the body, although in human patients low levels of 468 

haemoglobin appear to be associated with a poor outcome (Karimi Shahri et al., 2020). While 469 

some differences were seen in serum biomarkers such as glucose, urea nitrogen, and calcium, along 470 

with the above-mentioned changes in hematological markers, it is not possible to interpret the 471 

kinetics of these parameters with only one data point available.   472 

 Acute SARS-CoV-2 infection in hamsters lasts about one week, with a peak of infection 473 

between days two and four, therefore critical questions regarding viral replication and the immune 474 

responses generated may require examination of animals euthanized at multiple time points. 475 

Accordingly, our examination of differentially expressed immune-related genes at day 5 pi 476 

represents a snapshot of one time point. Overall, our data show a trend by which cytokines appear 477 

to be more expressed in the lungs of vaccinated and challenged hamsters, compared to the control 478 

group, possibly as an effect of immune response activation. These differences appear to be more 479 

obvious in the NDV-Δ19S-vaccinated group, and may reflect the high levels of S protein 480 

expression seen in vitro. Conceivably, production of large amounts of intracellular foreign epitope 481 

may have triggered a more robust cell-mediated response compared to NDV-FLS, which induces 482 

lower S protein expression in vitro despite incorporating more S protein onto the envelope. 483 

Depletion studies could help define the contribution of cell-mediated and humoral response in the 484 

immunity elicited by our vaccines, however, lack of suitable reagents in hamsters limited our study 485 

to examining antibody responses and cytokine gene expression levels. Further characterization of 486 
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immune responses and protective efficacy of NDV vaccines in other models such as mice or non-487 

human primates may provide further insights into what immunological effector mechanisms are 488 

induced by vaccination with NDV and how these play a role in protection from disease. 489 

 Recombinant NDV vaccine platforms provide an option that has proven to be safe and 490 

immunogenic in several studies (Bukreyev et al., 2005; DiNapoli et al., 2010; DiNapoli et al., 491 

2007; Kim and Samal, 2016), and here is shown to provide full protection in a hamster model of 492 

COVID-19. Overall, the vaccines tested in this study were safe in hamsters, and expression of the 493 

S protein did not appear to change the virulence of the backbone. The vaccines were lentogenic 494 

(i.e., non-virulent) in chicken eggs, consistent with a non-virulent fusion cleavage site of the NDV 495 

fusion protein (Cattoli et al., 2011), and were not neutralized by S protein-specific serum, 496 

suggesting that the S protein did not contribute to infectivity of NDV recombinants. Moreover, 497 

lyophilization of the NDV-FLS vaccine did not substantially reduce virus titer and maintained its 498 

ability to infect cells and express the S protein. Although these are attractive analytical qualities, 499 

the lyophilized and reconstituted NDV-FLS should be further tested in vaccination/challenge 500 

studies, to conclusively demonstrate retained immunogenicity upon lyophilization.  501 

 Despite having substantial incorporation of S protein in the envelope, NDV-FLS had lower 502 

fusogenic activity compared to NDV-Δ19S or NDV-GFP.  The higher fusogenicity of NDV-Δ19S 503 

compared to NDV-FLS is likely mediated by the higher expression of truncated spike protein, as 504 

seen in DF-1 cells, and its increased localization on the plasma membrane, due to lack of the Golgi 505 

anchoring signal (Boson et al., 2021).  Nonetheless, the ability of NDV-Δ19S to develop syncytia 506 

was similar to what observed with NDV-GFP, and did not increase virulence for embryonated 507 

eggs.  508 
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 Recently, a live attenuated NDV vaccine against COVID-19 has been developed by another 509 

group. This vaccine was engineered to express either a wild-type spike protein, or a stabilized 510 

version that does not undergo cleavage (pre-fusion stabilized) (Sun et al., 2020a). Upon 511 

intramuscular delivery using 10-50 g of purified virus preparation (virus was not quantified by 512 

an infectivity assay) in a homologous prime-boost schedule 21 days apart, both vaccines induced 513 

neutralizing antibody and completely inhibited replication of a mouse-adapted SARS-CoV-2 strain 514 

in the lungs of BALB/c mice. While this is similar to what was observed with our NDV-FLS 515 

prime-boost group, it should be noted that in mice, titers of SARS-CoV-2 in lung tissues peaked 516 

at approximately 104 PFU/lung lobe, as opposed to titers of up to 107 TCID50/g of lung in the 517 

control hamsters of our study. Similarly, mice did not develop clinical signs or microscopic lesions, 518 

preventing assessment of protection against clinical signs or tissue damage (Sun et al., 2020a). An 519 

inactivated version of the same vaccine (10 g alone or 5 g with adjuvant) was also administered 520 

intramuscularly in an homologous prime boost regimen, and it protected both mice and hamsters 521 

from virus replication in lung tissues at day 5 pi, however, microscopic lung pathology was not 522 

assessed in this research (Sun et al., 2020b). While these studies support the notion that NDV is a 523 

successful and versatile vaccine platform against SARS-CoV-2, differences regarding vaccine type 524 

(inactivated vs. infectious), delivery (intranasal vs. intramuscular), dose assessment (mass vs. 525 

infectivity), and type of animal model, prevent a direct comparison with our results.   526 

 As NDV is a respiratory virus, in our vaccine trial we opted to deliver NDV intranasally, 527 

as already successfully attempted in other studies (Bukreyev et al., 2005; DiNapoli et al., 2010; 528 

DiNapoli et al., 2007). Activation of the local mucosa-associated lymphoid tissue has the potential 529 

to markedly decrease nasal shedding of the virus (Gallo et al., 2021), which is of paramount 530 

importance to curtail circulation of SARS-CoV-2 in a partially immune population, and therefore 531 
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limit the development of vaccine escape variants. Notably, in mice, complete protection against 532 

SARS-CoV-1 challenge is afforded only upon intranasal, but not subcutaneous, vaccine 533 

administration (Zhao et al., 2016). Although in our study we did not test development of SARS-534 

CoV-2-specific mucosal immunity due to lack of reagents, in the prime-boost schedule NDV-FLS-535 

treated hamsters had no detectable infectious SARS-CoV-2 in the turbinates or the upper and lower 536 

lungs day 5 pi, suggesting development of sterilizing immunity. However, considering that low-537 

level shedding of infectious virus was observed at day 2 pi even in vaccinated groups, vaccination 538 

may not protect against the early phases of SARS-CoV-2 replication. It is unclear if such low 539 

amounts of infectious virus would be able to infect other animals, or even if the detected virus may 540 

- at least in part – represent left-over inoculum. Lastly, as the prime-boost group in our study 541 

showed a clear increase of S-specific antibodies after the second dose, it is likely that immunity 542 

against the vector backbone did not impact the efficacy of a booster shot.  543 

 Many COVID-19 vaccine candidates are in various stages of clinical development, with 544 

some currently being given emergency-use approval in several countries. However, due to the 545 

relative advantages and disadvantages of different vaccine platforms, there is an ongoing need to 546 

develop and test novel vaccine platforms and strategies. This will also be critical in the case of 547 

potential future pandemics and emerging and re-emerging infections, which will require swift 548 

development of vaccine candidates. The prospect of having several different platforms available 549 

for rapid development should a novel pathogen arise, is of critical importance. Live viral vectors 550 

are particularly advantageous due to their generally high immunogenicity, ability to induce both 551 

humoral and cellular immune responses, and the lack of a need for adjuvants (Vrba et al., 2020). 552 

This work provides evidence that this platform can provide substantial protection against SARS-553 

CoV-2 infection and could be a viable option for further clinical development. 554 
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LIMITATONS OF THE STUDY 555 

Oral and rectal swabs were taken on day two post-challenge with SARS-CoV-2 primarily to 556 

confirm viral replication in our hamster infection model; therefore, we did not take swabs on day 557 

five post-challenge. As these swabs were taken at such an acute time point, we cannot know for 558 

certain whether the virus or RNA detected was from leftover inoculum, at least in the oral swabs. 559 

Additionally, although the vaccine was administered to hamsters intranasally, the method of 560 

administration used would have resulted in vaccine reaching the distal lungs, where it could 561 

potentially replicate. To evaluate the true potential of intranasal administration of an NDV-based 562 

COVID-19 vaccine, a larger animal model such as a sheep, in which the efficacy of intranasal 563 

administration could be evaluated separate from pulmonary administration, would be required. 564 

Indeed, large animal studies to address efficacy of intranasal vs. pulmonary administration are 565 

currently ongoing. 566 
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FIGURE LEGENDS 601 

Figure 1. Generation of recombinant NDV vectors expressing the Spike (S) gene from SARS-602 

CoV-2. (A) Schematic representation showing the recombinant NDV genome with XbaI and MluI 603 

restriction sites introduced between the P and M genes, where the GFP, full-length spike (FLS) 604 

and C-terminal truncated spike (Δ19S) genes were inserted. (B) Virus replication and cytopathic 605 

effect in cells. DF-1 cells were infected with NDV-FLS, NDV-Δ19S, and NDV-GFP virus at a 606 

multiplicity of infection (MOI) of 10. The first row shows immunofluorescence (red fluorescence) 607 

for NDV nucleoprotein; the second row shows bright field. Both NDV-FLS and NDV-Δ19S 608 

replicated in cells, showing expression of NDV nucleoprotein, and caused cytopathic effect similar 609 

to the NDV-GFP control. (C) Agarose gel electrophoresis of PCR-amplified products from DF-1 610 

cells infected with recombinant NDV engineered to express the SARS-CoV-2 S protein. DF-1 611 

cells were infected with either NDV-FLS, NDV-Δ19S, or NDV-GFP. RNA was extracted from 612 

cells 12 hours later and reverse transcribed to cDNA. Primers were used to target both the FLS 613 

and the Δ19S (lanes 1-6); or only the full-length spike (lanes 7-12). (1, 7) NDV-FLS; (2, 8) NDV-614 

Δ19S; (3, 9) NDV-GFP; (4, 10) infectious clone of NDV-full-length spike (positive control); (5, 615 

11) uninfected DF1 (negative control); (6, 12) no-template control. M = GeneRuler 50 bp DNA 616 

Ladder (Thermo Fisher Scientific).  617 

Figure 2. Expression of the spike (S) protein by recombinant NDV vaccines. (A) Western blot 618 

analysis of whole cell lysates from DF-1 cells infected with recombinant NDV viruses to confirm 619 

S protein expression. Cells were infected with an MOI of 1 with either NDV-FLS, NDV-Δ19S, 620 

NDV-GFP, or media only (control), in the presence of allantoic fluid (left) or trypsin (right) for 621 

proteolytic activity. Immunoblotting was done 24 hrs post infection, using rabbit-anti-S2 subunit, 622 

mouse-anti-NDV ribonucleoprotein (RNP), and mouse-anti-actin. Full and cleaved S protein (180 623 
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KDa and 100 KDa, respectively) are found at much larger amounts in the lysate from NDV-SΔ19-624 

infected cells compared to those infected with NDV-FLS. No S protein expression is observed in 625 

cells infected with NDV-GFP or uninfected cells (control). Infection was confirmed by presence 626 

of bands corresponding to the RNP of NDV in infected cells. (B) To compare the incorporation, 627 

cleavage, and migration patterns of the S protein between the challenge virus and the vaccine 628 

candidates, we conducted western blot analysis of purified SARS-CoV-2, NDV-FLS, NDV-Δ19S, 629 

and NDV-GFP. Equal amounts of purified virus (1.0 x107 plaque forming units [PFU]) were 630 

resolved on a SDS-PAGE gel, and used for western blot employing the following primary 631 

antibodies: a rabbit anti-S1 (top blot), and a rabbit anti-SARS-CoV-2 nucleocapsid and a mouse 632 

anti-NDV RNP (bottom blot). The blot shows incorporation of approximately equal amounts of 633 

both full-length and cleaved S protein into the SARS-CoV-2 virion, with bands migrating slightly 634 

below 220 KDa and at 100 KDa, respectively. NDV-FLS virions show prominent incorporation 635 

of cleaved S protein, while NDV-Δ19S shows significantly less incorporation of cleaved S protein. 636 

The NDV-GFP control shows no transgene expression. (C) For the fusogenicity assay, DF-1 cells 637 

were grown in 6-well plates and infected with NDV viruses at an MOI of 0.1. Cells were 638 

maintained in Dulbecco's Modified Eagle Medium (DMEM) with 2% FBS supplemented with 5% 639 

allantoic fluid. 24 hpi media was removed, cells were washed in PBS, fixed with methanol/acetone 640 

for 20 minutes at -20°C, and stained with crystal violet. (G) The fusogenicity score was calculated 641 

dividing the number of nuclei by the number of cells in four fields of view per each of the three 642 

biological replicates. Counting was assisted using ImageJ (U.S. National Institutes of Health, 643 

Bethesda, Maryland, USA). The score for each virus was normalized to the non-infected negative 644 

control. Shown are data medians with data scatterplot (n = 3 / group). Statistical significance was 645 
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assessed by using an the Kruskal-Wallis and Dunn’s test for multiple comparisons test. *** = 646 

<0.001 647 

Figure 3. Antibody responses in NDV vaccinated hamsters. Groups of 10 hamsters were 648 

vaccinated via intranasal route with 107 PFU of NDV expressing either GFP (NDV-GFP), full-649 

length SARS-CoV-2 spike (S) protein (NDV-FLS), or truncated SARS-CoV-2 S protein (NDV-650 

Δ19S), either in a single-dose or a homologous prime-boost schedule 28 days apart. Hamsters were 651 

challenged 28 days after prime or boost (A). The concentration of S protein-specific IgG in the 652 

serum (diluted 1:400) of vaccinated hamsters was assessed by enzyme-linked immunosorbent 653 

assay (ELISA), and is reported as optical density (OD) (B). The levels of neutralizing antibodies 654 

in the serum was assessed by plaque reduction neutralization assay 90% (PRNT90 ) (B). Shown are 655 

data scatterplots with medians (n = 10 / group). Statistical significance was assessed by two-way 656 

ANOVA with multiple comparisons. *** = <0.001, **** = <0.0001. 657 

Figure 4. Protective efficacy of NDV vaccines against SARS-CoV-2 infection. Vaccinated 658 

hamsters were challenged via intranasal inoculation with 105 mean tissue culture infectious dose 659 

(TCID50) of SARS-CoV-2. Weights of hamsters in the prime (A) or prime-boost (B) schedule were 660 

evaluated through day 28 post-challenge (n = 10 or 4 / group). At day 5 post-challenge, 6 hamsters 661 

per group (n = 6 / group) were euthanized and the severity of microscopic lesions for the prime 662 

only (C, D) and prime-boost groups (E, F) were assessed. Lesions were evaluated by tallying 663 

presence of nominal disease pathology categories (C and E), or by assessing the percentage of 664 

affected lung on section (D, F). For graphs A-B, a two-way ANOVA mixed effects model with 665 

Tukey’s multiple comparison test was run to compare differences in weight between each group 666 

at each time point. Circles indicate means. Error bars indicate SD. For graphs C-F, columns 667 
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represent median +/- range; statistical significance was assessed by Kruskal-Wallis and Dunn’s 668 

test for multiple comparisons. * = <0.05, ** = <0.01, *** = <0.001. 669 

Figure 5. Histological analysis of pulmonary parenchyma from hamsters vaccinated (prime-670 

boost schedule) with NDV-FLS, NDV-Δ19 and NDV-GFP, and challenged with SARS-CoV-671 

2. For each treatment group (NDV-GFP, NDV-Δ19S and NDV-FLS), the following are showed: 672 

inflammation within terminal bronchioles and alveoli (rows 1-3), inflammation around vessels and 673 

airways (row 4), and epithelial hyperplasia (row 5). At low magnification, no lesions are observed 674 

in the NDV-FLS-treated group (C), while lesions appear multifocal and diffuse in the NDV- Δ19S 675 

(B) and NDV-GFP (A) groups, respectively. Exudation of neutrophils, macrophages and edema 676 

fluid is present in NDV-GFP- (D and G) and NDV-Δ19S- (E and H) treated hamsters, while NDV-677 

FLS-treated hamsters showed no lesions (F and I). Perivascular and peribronchiolar inflammation, 678 

characterized by edema, mononuclear cells and scattered neutrophils is observed in NDV-GFP (J) 679 

and NDV-Δ19S (K) groups, but not in the NDV-FLS group (L). Proliferation of mature type II 680 

pneumocytes (M) and bronchiolar epithelial cells (N) is observed in both NDV-Δ19S and NDV-681 

GFP groups. The inset shows a subgross picture showing the area of marked epithelial hyperplasia. 682 

For figures A and B, bar = 200 µm; for figures C-F, K, N, O, bar = 100 µm; for figures G-J, L, M, 683 

bar = 50 µm. Inset, bar = 1 mm.   684 

Figure 6. Magnitude of SARS-CoV-2 replication in tissues of vaccinated hamsters. 685 

Upon euthanasia at day 5 days post-infection (pi), RNA levels (A, C) and infectious titers (B, D) 686 

for SARS-CoV-2 were evaluated in hamsters vaccinated with a prime only (A, B) or prime-boost 687 

schedule (C, D). Viral RNA levels are reported as genome copy number, and virus titers are 688 

reported as mean tissue culture infectious dose (TCID50). Shown are data scatterplot with medians 689 

with n = 6 / group. The limits of detection are indicated with dashed lines. Differences in the 690 
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magnitude of virus copy number or infectious titers were assessed by Kruskall-Wallis test with 691 

Dunn’s test for multiple comparisons. * = <0.05, ** = <0.01, *** = <0.001.  692 

Figure 7. Lyophilized NDV-FLS virus retains infectivity. (A) Triplicate aliquots of equal 693 

numbers of NDV-FLS plaque forming units (PFU) were either immediately frozen at -70°C or 694 

adjusted to a final concentration of 5% sucrose, 5% sucrose/5% Iodixanol, or mixed 1:1 with a 695 

stabilizing agent comprised of 10% lactose, 2% peptone, 10mM Tris-HCl, pH 7.6 and lyophilized 696 

at 44 x 10-3 MBAR and -52°C for 16 hr. Lyophilized samples were stored at 4°C for 48 hr before 697 

being resuspended in 1mL 5% sucrose/PBS and titered by mean tissue culture infectious dose 698 

(TCID50) in DF-1 cells. Shown are data averages +/- SD (n = 3 / group). Statistical analysis was 699 

by one-way analysis of variance (ANOVA) with Tukey’s test for multiple comparisons. * = <0.05, 700 

** = <0.01, *** = <0.001. (B) The lyophilized and reconstituted NDV-FLS (10% lactose and 2% 701 

peptone preparation) contains similar levels of Spike (S) protein compared to the purified virus 702 

stored at -70°C, as assessed by western blot analysis when equal amounts of virus are loaded on 703 

the gel (107 PFU). (C) Lyophilized and reconstituted NDV-FLS (10% lactose and 2% peptone 704 

preparation) expresses S protein in DF-1 cells at similar levels compared to NDV-FLS stored at -705 

70°C, as assessed by western blot of lysates from DF-1 infected with the same multiplicity of 706 

infection (MOI = 0.5).   707 

 708 

STAR Methods  709 

 710 

RESOURCE AVAILABILITY 711 

Lead Contact 712 
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Further information and requests for resources and reagents should be directed to and will be 713 

fulfilled by the lead contact, Dr. Sarah Wootton, University of Guelph (kwootton@uoguelph.ca). 714 

Materials availability 715 

Plasmids generated in this study are available upon request following execution of a material 716 

transfer agreement (MTA).  717 

Data and code availability 718 

 All data reported in this paper will be shared by the lead contact upon request. 719 

 This paper does not report original code. 720 

 Any additional information required to reanalyze the data reported in this paper is 721 

available from the lead contact upon request. 722 

 723 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 724 

Ethics Statement 725 

 The animal experiments described were carried out at the National Microbiology 726 

Laboratory (NML) of the Public Health Agency of Canada. Studies were approved by the Animal 727 

Care Committee at the Canadian Science Center for Human and Animal Health in accordance with 728 

the guidelines provided by the Canadian Council on Animal Care. All procedures including 729 

vaccinations, infections, swabs, collections were performed under anesthesia, and all efforts were 730 

made to minimize animal suffering and to reduce the number of animals used. All SARS-CoV-2 731 

infectious work was performed under containment level 4 (CL-4) conditions. Equal numbers of 732 

male and female hamsters four to six weeks of age were monitored daily for any adverse signs 733 

following vaccinations and infections, and were provided food and water ad libitum.  734 

Cells 735 
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 Vero (ATCC CCL-81) and Vero E6 (CRL-1586) cells were maintained in Minimum 736 

Essential Media (MEM) (Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine 737 

serum (FBS) (Sigma-Aldrich). DF-1 cells (ATCC CRL-12203) were maintained in DMEM 738 

supplemented with 10% bovine calf serum (BCS). HEK293-hACE2 cells grown on tissue culture 739 

plates coated with L-poly-L-lysine and maintained in DMEM supplemented with 10% FBS. 740 

 741 

METHOD DETAILS 742 

Engineering and rescue of recombinant NDV vaccines 743 

 The full-length cDNA genome of lentogenic NDV LaSota strain was designed based on 744 

Genbank accession AF077761.1 to contain a GFP reporter gene and essential NDV-specific RNA 745 

transcriptional signals, flanked by a 5' XbaI site and a 3' MluI site at nucleotide position 3143 746 

between the P and M genes. A leucine-to-alanine mutation at position 289 was also introduced 747 

into the fusion gene. The full-length recombinant clone was synthesized de novo using a synthesis 748 

service (GeneArt, ThermoFisher). To construct recombinant NDV expressing SARS-CoV-2 749 

Spike, forward 5'GCACCGAGTTCCCCCTCTAGATTAGAAAAAATACGGGTAGAACCGC 750 

CAC-3' and reverse 5'GTTGGACCTTGGGTACGCGTTTATCAGGTGTAGTGCAGCTTCAC-751 

3' primers were used to amplify human codon optimized SARS-CoV-2 full-length spike. 752 

Additionally, a 19 amino acid-truncated form of the S protein (SΔ19) was amplified using the 753 

previous forward primer and a reverse 5'GTTGGACCTTGGGTACGCGTTTATCATCAGCA 754 

GCAAGAGCCGCAAGAACAAC-3'. Infusion Cloning™ was used to insert transgenes into the 755 

NDV backbone according to the manufacturer’s protocol (Takara Bio USA), with the 5' end of the 756 

primer spanning 15 bp of homology with each end of the linearized vector including the XbaI or 757 
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MluI sites. Viruses were rescued from cDNA as previously described (Santry et al., 2018), and 758 

recombinant virus identity confirmed by RT-PCR and sequencing.  759 

Challenge virus and vaccine candidates 760 

 The SARS-CoV-2 used in this study (SARS-CoV-2; hCoV-19/Canada/ON-VIDO-761 

01/2020, GISAID accession# EPI_ISL_425177) was isolated from a clinical specimen at 762 

Sunnybrook Research Institute (SRI)/ University of Toronto on VeroE6 cells and provided to us 763 

by the Vaccine and Infectious Disease Organization (VIDO) with permission. The virus was grown 764 

in Vero cells (ATCC, CCL-81) in minimum essential medium (Hyclone) containing 1% fetal 765 

bovine serum (FBS) and 1% L-glutamine, and a passage 2 (P2) virus stock was used for all 766 

infections. The virus was titrated on Vero cells by conventional limiting dilution assays and 767 

reported as TCID50, as described previously (Griffin et al., 2020).  768 

 Rescued NDV-FLS, NDV-Δ19S, and NDV-GFP were grown in specific pathogen-free 769 

(SPF) eggs (Canadian Food Inspection Agency), harvested from allantoic fluid, and stocks were 770 

purified according to previously published methods (Santry et al., 2018). Recombinant NDVs were 771 

titrated in DF-1 cells by limiting dilution coupled with immunofluorescent staining (see below).   772 

Immunofluorescence assay and titration of recombinant NDV vaccines 773 

NDV vaccine stocks were titered on DF-1 cells (immortalized chicken embryo fibroblasts 774 

[ATCC CRL-12203]) by immunofluorescence (IFA) assay. Cells were plated in 96-well plates 775 

(4x104 cells / well) in DMEM supplemented with 2% bovine calf serum (BCS) and 5% allantoic 776 

fluid, left to adhere overnight, and infected the next day with serial 10-fold dilutions of purified 777 

allantoic fluid containing recombinant NDV vaccine. Approximately 24 hr post-infection, cells 778 

were fixed in 4% paraformaldehyde for 15 minutes at room temperature (RT), and permeabilized 779 
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in 0.1% NP-40 for 10 minutes at RT. Antigens were masked in blocking buffer [5% (v/v) normal 780 

goat serum in PBS-T] either for one hour at RT or overnight at 4ºC, followed by incubation with 781 

a primary mouse anti-NDV ribonucleoprotein (NBP2-11633, monoclonal; Novus Biologicals) 782 

diluted 1:2000 in blocking buffer (one hour at RT or overnight at 4 ºC). The secondary antibody 783 

was a goat-anti-mouse conjugated with Alexa Fluor 488 (A-11001, ThermoFisher) diluted 1:1000, 784 

which was applied in PBS-T for one hour at RT in the dark. Cells were imaged using an Axio 785 

Observer inverted fluorescent microscope. For titration, positive wells per dilution were tallied 786 

and titer reported as TCID50/mL, according to the Spearman-Karber method (Karber, 1931).   787 

Vaccine characterization in DF-1 cells 788 

DF-1 cells were seeded into 6-well plates at 1.5x106 cells/well in 1 mL of DMEM with 2% 789 

bovine calf serum and supplemented with 5% allantoic fluid or 100 µg/ml of trypsin 790 

(ThermoFisher), to provide proteolytic activity. After adherence, cells were infected with either 791 

NDV-FLS, NDV-19S or NDV-GFP at a multiplicity of infection (MOI) of 1 or 10 in replicate 792 

plates and incubated at 37C. Approximately 24 hours after infection, plates were observed under 793 

an inverted phase contrast microscope to examine and document cytopathic effect. Subsequently, 794 

one set of replicate plates was used for IFA as described above, and another was used for protein 795 

extraction and western blot analysis (see below). 796 

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blot 797 

analysis 798 

DF-1 cells were infected in 6-well plates as described above (MOI = 1), washed with PBS 799 

and lysed for 30 min in radioimmunoprecipitation assay buffer [50 mM Tris-HCl pH 8, 150 mM 800 
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NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1X protease inhibitor 801 

cocktail (0087785, ThermoFisher)]. Cell lysates were centrifuged at 10,000 ×g for 15 min at 4 °C, 802 

supernatants collected and used to quantify the protein concentration using the Pierce BCA Protein 803 

Assay Kit (ThermoFisher). For SDS-PAGE, purified virus (1x107 PFU) or virus infected cell 804 

lysates (mixed with 6x loading dye containing and 30% β-mercaptoethanol) were heated at 95 °C 805 

for 10 min to denature proteins, followed by cooling on ice. The same PFU or protein amounts of 806 

each sample (ranging from 5 to 70 μg depending on the experiment) were loaded into wells of 4% 807 

stacking / 12% resolving gels, and proteins were resolved at 120 V for 1.5 h in running buffer 808 

(0.025 mM Tris-base, 0.192 M glycine, 0.1% SDS). Proteins were transferred to a 0.2 μm 809 

polyvinylidene fluoride or polyvinylidene difluoride (PVDF) membrane for 30 min, using the 810 

BioRad Trans-Blot Turbo Transfer System and associated buffer (BioRad Trans-Blot Turbo RTA 811 

Mini PVDF Transfer Kit). Following transfer, the rest of the protocol was performed as previously 812 

described (Pham et al., 2020). Briefly, the primary antibodies were incubated overnight at 4oC, 813 

and were either mouse anti-NDV ribonucleoprotein (dilution: 1:5000; NBP2-11633; Novus 814 

Biologicals), rabbit anti-SARS-CoV-2 nucleocapsid (dilution: 1:5000; PA5-81794; 815 

ThermoFisher), rabbit anti-SARS-CoV-2 S1 (dilution: 1:1000; PA5-81795; ThermoFisher) or S2 816 

(dilution: 1:1000; NB100-56578; Novus Biologicals) subunits, or mouse anti-beta actin (diluted 817 

1:1000; MA5-15739; ThermoFisher). The secondary antibodies were either goat anti-rabbit (G-818 

21234) or goat anti-mouse IgG (G-21040) conjugated to horseradish peroxidase (diluted 1:2000; 819 

ThermoFisher), and incubated for 1 to 3 h at RT. Protein was detected using the Pierce SuperSignal 820 

West Pico PLUS Chemiluminescent Substrate (ThermoFisher) and the BioRad ChemiDoc MP 821 

Imaging System (BioRad Image Lab 6.0.1. software).  822 

Neutralization of pseudotyped lentiviruses and NDV recombinant vaccines 823 
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To evaluate the contribution of the S protein to the infectivity of NDV-FLS and NDV- 824 

Δ19S, neutralization assays were conducted using immune chicken serum against NDV and 825 

murine serum raised against the S protein (see below). The chicken serum was collected from 826 

routinely vaccinated White Leghorn hens (Arkell Research Station, University of Guelph). 827 

Briefly, mice were vaccinated intramuscularly with 108 infectious units (IU) of adenovirus 828 

expressing FLS, in an homologous prime-boost regimen 28 days apart. The neutralizing activity 829 

of the serum was tested on lentiviral particles pseudotyped with the truncated version of the S 830 

protein (Δ19S) and encoding the luciferase gene. Neutralization was carried out in a 96-well plate 831 

format. Approximately 10,000 HEK cells expressing the human ACE-2 receptor (HEK-ACE2) 832 

were plated in each well using L-poly-L-lysine (Millipore Sigma) to improve adherence. Equal 833 

amounts of pseudotyped lentiviruses were added to the wells (approximately 8x108 relative light 834 

units [RLU] / well) and incubated with two-fold dilutions of mouse serum starting from a 1:100 835 

dilution. Luminescence intensity was evaluated after three days using the Pierce Firefly luciferase 836 

Glow Assay Kit (ThermoFisher), and RLUs quantified using an EnSpire Multimode Plate Reader 837 

(PerkinElmer). At 1:100 dilution, the serum of vaccinated mice showed to decrease the RLU of 838 

approximately 80-90%, compared to wells incubated with the serum of non-vaccinated mice or no 839 

serum controls (Supplemental Figure 2).  840 

Neutralization of NDV-FLS and NDV- Δ19S was done in 96 well plates, separately for 841 

mouse and chicken sera. Poly-L-lysin-coated wells were seeded with HEK-ACE-2 cells and let 842 

adhere overnight. Equal amounts of NDV-FLS or NDV- Δ19S (1,000 PFU in 50 µl) were added 843 

to each well containing 1:2 dilutions of mouse or chicken serum in 50 µl, starting from an initial 844 

1:100 dilution. Total volume for each well was 100 µl / well, and the final solution included 5% 845 

allantoic fluid. After 3 days, the magnitude of infection was evaluated by IFA for NDV 846 
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ribonucleoprotein, as described above. The amount of IFA signal in the wells tested with murine 847 

serum was quantified by image analysis (ImageJ, U.S. National Institutes of Health, Bethesda, 848 

Maryland, USA), by averaging the signal intensity of the fluorescent signal using pictures from 4 849 

different wells.  850 

Determination of mean death time (MDT)  851 

The MDT was determined for the two vaccine candidates and the control (NDV-FLS, NDV-SΔ19, 852 

and NDV-GFP). The virus stocks were equalized to a starting titre of 6.14 x 106 TCID50/mL, and 853 

each virus stock was serially diluted from 10-1 to 10-8 in PBS. Dilutions from 10-4 to 10-8 were 854 

inoculated into specific pathogen-free eggs (Canadian Food Inspection Agency) at 9 to 11 days of 855 

embryonation. For each virus, five eggs were inoculated per dilution (100 µL / egg). The 856 

experiment was run in duplicate 3 to 4 hours apart, resulting in 50 eggs used for each virus. After 857 

virus inoculation, the eggs were incubated for up to 7 days and checked twice daily for embryo 858 

mortality; after the first 24 hr after inoculation, allantoic fluid was collected from all dead embryos 859 

to check for presence of NDV by hemagglutination assay (HA), according to standards methods 860 

(McGinnes et al., 2006). The MDT was recorded as the time (in hours) taken by the minimal lethal 861 

dose (highest dilution) to kill all five eggs in the dilution series. If no minimal lethal dose was 862 

observed by the end of the experiment (seven days post-inoculation), it was concluded that the 863 

MDT was > 168 hrs, and HA was performed on the allantoic fluid collected from eggs inoculated 864 

with the lowest virus dilution (10-4) to confirm NDV infection.  865 

Lyophilization of NDV-FLS 866 

Triplicate samples of freshly harvested allantoic fluid containing NDV-FLS were aliquoted 867 

into 15mL conical tubes in 1mL volumes. Aliquots were either left untreated or adjusted to a final 868 
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concentration of 5% sucrose, 5% sucrose/5% Iodixanol or mixed 1:1 with a solution containing 869 

10% lactose, 2% peptone, 10mM Tris-HCl, pH 7.6.  Using a LABCONCO Freeze Dry system 870 

Freezone®4.5, samples were immediately lyophilized at 44 x 10-3 MBAR and -52°C for 16 hours. 871 

Lyophilized samples were stored at 4°C for 48 hours before being resuspended in 1 mL of 5% 872 

sucrose/PBS and titered. Three 1 mL aliquots of allantoic fluid containing NDV-FLS were 873 

adjusted to 5% sucrose and frozen at -70°C before titering. An additional three 1 mL aliquots were 874 

used to titer NDV-FLS in allantoic fluid immediately following harvest from eggs. All samples 875 

were titered by TCID50 on DF-1 cells as described above. 876 

To determine presence of S protein in the reconstituted preparations, lyophilized (10% 877 

lactose and 2% peptone group, only) and reconstituted NDV-FLS was compared to NDV-FLS 878 

stored at -70°C (purified preparation frozen at -70°C in sucrose). Equal amounts of virus 879 

preparations (107 PFU, as determined by post-reconstitution titers) were loaded on SDS-PAGE 880 

gel, transferred to a nitrocellulose membrane and immunoblotted for the S protein using a rabbit 881 

anti-SARS-CoV-2 S2 subunit (dilution: 1:1000; NB100-56578; Novus Biologicals), as described 882 

in the previous section. To determine the ability of lyophilized and reconstituted virus to express 883 

S protein in infected cells, DF-1 cells were infected with the same amounts of reconstituted or 884 

frozen virus (MOI = 0.5). Whole cell lysates were harvested 24 hrs post-infection, immunoblotting 885 

for the S protein was conducted as above.  886 

Immunization and infection of Syrian hamsters 887 

 For initial immunization and booster immunization of hamsters, groups of ten Syrian 888 

Golden hamsters (five male and five female, four to six weeks of age; Charles River) were 889 

anaesthetized with inhalation isoflurane and administered 1 x 107 PFU of recombinant NDV-GFP, 890 
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NDV-FLS, or NDV-19S via the intranasal (IN) route. For IN vaccinations, anaesthetized 891 

hamsters were scruffed and vaccines were delivered in a 100 µL volume (q.s. with PBS) through 892 

the nares (50 µL per nare). Animals had their mouths held closed to ensure inhalation through the 893 

nose. After recovery from anesthesia hamsters were monitored daily for any adverse signs 894 

following vaccine administration. 895 

 For SARS-CoV-2 infection following immunization, hamsters were moved into a CL-4 896 

facility and then anaesthetized with inhaled isoflurane. Hamsters were then infected with 105 897 

TCID50 of SARS-CoV-2 via the same IN method described above. After recovery from anesthetic 898 

hamsters were monitored daily throughout the course of infection. Body weights and temperatures 899 

of hamsters were recorded daily. 900 

Microscopic pathology  901 

 At day five post-challenge, six hamsters per group were euthanized, and the proximal and 902 

distal lobes of the lung from each hamster were sampled and fixed in 10% buffered formalin, 903 

followed by routine paraffin embedding, sectioning, and staining with hematoxylin and eosin 904 

(HE). The magnitude of microscopic lesions caused by SARS-CoV-2 in the lungs of vaccinated 905 

and control mice was evaluated histologically using two semi-quantitative scoring systems based 906 

on the presence of nominal categories (Supplemental Tables 1 and 2) (Meyerholz and Beck, 2020) 907 

and extent of the pulmonary parenchyma affected (Supplemental Table 3) (Imai et al., 2020). 908 

Assessment was carried out taking into consideration all the sections available for evaluation.  909 

Slides were scored by a board-certified veterinary anatomic pathologist (LS), who was blind to the 910 

treatment of the experimental groups (group de-identification).  911 

Detection of SARS-CoV-2 RNA in tissues and swabs of infected hamsters 912 
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  Oropharyngeal and rectal swabs were obtained and stored in MEM + 2% penicillin-913 

streptomycin. For viral RNA detection, 140μL of the medium containing the swab was used for 914 

viral lysis and extraction using the QIAamp Viral RNA mini kit. For viral RNA detection, tissue 915 

samples were thawed, weighed, and then homogenized in 600 μL RLT buffer (Qiagen) using a 916 

Bead Ruptor Elite Bead Mill Homogenizer (Omni International) with a stainless steel bead for at 917 

4 m/s for 60 seconds. Viral RNA from 30 mg samples of each tissue was extracted with the RNeasy 918 

Plus Mini kit (Qiagen) according to manufacturer’s instructions, and viral RNA from swab 919 

samples was extracted with the QIAamp Viral RNA Mini kit (Qiagen) also according to 920 

manufacturer’s instructions. Detection of SARS-CoV-2 E gene was performed using TaqPath 1-921 

Step Multiplex Master Mix kit (Applied Biosystems) and was carried out on a QuantStudio 5 real-922 

time PCR system (Appiled Biosystems), as per the manufacturer’s instructions. RNA was reverse 923 

transcribed and amplified using the primers reported by the WHO and include E_Sarbeco_F1 (5′- 924 

ACAGGTACGTTAATAGTTAATAGCGT-3′) and E_Sarbeco_R2 (5′-ATATTGCAGCAGTA 925 

CGCACACA-3′) and probe E_Sarbeco_P1 (5′-FAM-ACACTAGCCATCCTTACTGCGCTTCG 926 

-BBQ-3′). A standard curve produced with synthesized target DNA was run with every plate and 927 

used for the interpolation of viral genome copy numbers. 928 

Detection of infectious SARS-CoV-2 in tissues and swabs of infected hamsters 929 

  For infectious virus assays, thawed tissue samples were weighed and placed in 1 mL of 930 

minimum essential medium supplemented with 1% heat-inactivated fetal bovine serum (FBS) and 931 

1x L-glutamine, then homogenized in a Bead Ruptor Elite Bead Mill Homogenizer (Omni 932 

International) at 4 m/s for 30 seconds then clarified by centrifugation at 1,500 xg for 10 minutes. 933 

Prior to titration procedures, oropharyngeal and rectal swabs stored in MEM + 2% penicillin-934 

streptomycin were vortexed and centrifuged briefly. Samples were serially diluted 10-fold in 935 
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media and dilutions were then added to 96-well plates of 95% confluent Vero cells containing 50 936 

L of the same medium in replicates of three and incubated for five days at 37 °C with 5% CO2. 937 

Plates were scored for the presence of cytopathic effect on day five after infection. Titers were 938 

calculated using the Reed-Muench method, and reported as TCID50 units. 939 

Determination of antibody responses by ELISA and PRNT assay 940 

 For detection of anti-SARS-CoV-2-specific antibody responses, all hamsters were bled via 941 

jugular vein bleeds for serum on days 21, 29, 49, and 56 post-first vaccination. For ELISAs for 942 

detection of total IgG detection, SARS-CoV-2 spike- and nucleoprotein-specific responses were 943 

assessed using an in-house assay. A 1:400 dilution of serum was carried out in duplicate and added 944 

to plates pre-coated with both spike and nucleoprotein in the same assay wells. IgG was detected 945 

with a peroxidase-labeled polyclonal goat anti-hamster IgG (H+L) (KPL). 946 

For virus PRNT (plaque reduction neutralization assays), serum samples were heat-947 

inactivated at 56°C for 30 minutes and diluted two-fold from 1:40 to 1:1280 in DMEM 948 

supplemented with 2% FBS. Diluted sera were incubated with 50 PFU of SARS-CoV-2 at 37°C 949 

and 5% CO2 for 1 hour. The sera-virus mixtures were added to 24-well plates containing Vero E6 950 

cells at 100% confluence, followed by incubation at 37 °C and 5% CO2 for 1 hour. After 951 

adsorption, 1.5% carboxymethylcellulose diluted in MEM supplemented with 4% FBS, L-952 

glutamine, non-essential amino acids, and sodium bicarbonate was added to each well and plates 953 

were incubated at 37°C and 5% CO2 for 72 hours. The liquid overlay was removed and cells were 954 

fixed with 10% neutral-buffered formalin for 1 hour at room temperature. The monolayers were 955 

stained with 0.5% crystal violet for 10 minutes and washed with 20% ethanol. Plaques were 956 

enumerated and compared to a 90% neutralization control. The PRNT-90 endpoint titre was 957 
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defined as the highest serum dilution resulting in a 90% reduction in the number of plaques. PRNT-958 

90 titers ≥1:40 were considered positive for neutralizing antibodies.  959 

Hematological and biochemical analysis of blood and serum 960 

  Complete blood counts were carried out using a VetScan HM5 hematology system (Abaxis 961 

Veterinary Diagnostics), as per the manufacturer’s instructions. Analysis of serum biochemistry 962 

was performed with a VetScan VS2 analyzer (Abaxis Veterinary Diagnostics), as per the 963 

manufacturer’s instructions.  964 

Cytokine mRNA analysis 965 

  RNA was extracted from proximal lung samples as described above using a RNeasy Plus 966 

Mini Kit (Qiagen), which includes a genomic DNA elimination step, as per the manufacturer’s 967 

instructions. Expression of IFNγ, IL-2, IL-4, IL-10, IL-1b, FoxP3, TGF-β, VEGF, IL-6, and TNFα 968 

mRNA was analyzed using the one-step TaqPath Master Mix kit using the primer/probe sets 969 

described previously (Warner et al., 2017). Ribosomal protein L18 (RPL18) was used as an 970 

internal control. All RT-qPCR assays were performed on a QuantStudio 5 instrument (Applied 971 

Biosystems). Expression is reported as Log2 of the fold-change for each gene as calculated using 972 

the ΔΔCt method compared with expression of the same genes in sex-matched control tissues that 973 

were unvaccinated and uninfected. 974 

QUANTIFICATION AND STATISTICAL ANALYSIS  975 

Mean scores between experimental groups were compared using analysis of variance 976 

(ANOVA) with Tukey’s post-hoc (lyophilization experiment) or Holm Sidak (neutralization) tests 977 

for multiple comparisons, two-way ANOVA (serology), non-parametric Mann-Whitney or 978 
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Kruskal-Wallis test followed by the Dunn’s method for multiple comparisons (all other tests and 979 

pathology data), with significance set at p < 0.05 as implemented in GraphPad software version 980 

8.0.0 (San Diego, California, USA, www.graphpad.com). Data are represented as scatterplots with 981 

median, median with range, or average with standard deviation (see figure legends).    982 
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Highlights 
 

- Recombinant NDV passively incorporates SARS-CoV-2 spike into the virion 
- Vaccination with NDV expressing SARS-CoV-2 spike protects hamsters from disease 
- No infectious SARS-CoV-2 was detectable in the lungs of vaccinated hamsters  
- NDV-vectored vaccines represent a viable option for protection against COVID-19 
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